This paper deals with the problems of selection in the early stages of a breeding program. During the improvement process, it is not possible to use an experimental design that satisfies the requirement of replicating all the treatments, because of the large number of genotypes involved, the small amount of seed and the low availability of resources. Hence unreplicated designs are used. To control the real or potential heterogeneity of experimental units, control (check) plots are arranged in the trial.
Introduction
This work deals with selection experiments in the early stages of breeding programs. In the early stages of plant breeding trials, it is often difficult to use an experimental design that satisfies, for example, Fisher's principles. This is connected with the number of genotypes (experimental objects) evaluated, which usually ranges from several hundred to thousands. The breeder is mainly interested in the selection and identification of superior genotypes for further breeding. Additionally to the very large number of genotypes (lines) to be evaluated, these experiments often have a limitation resulting from the small amount of seeds and the low availability of resources. Thus replication may not always be possible, especially if the plots are to be large enough for proper yield assessment (Kempton 1984) . Consequently, in this case unreplicated experiments are commonly adopted. Then, to control the real or potential heterogeneity of experimental units (field plots), replicated check variety plots are usually distributed over the field experiment area. Control plots are only effective if the yield (or another trait) of the checks shows the same general pattern of response across the trial as the test genotypes. Otherwise, the adjustment of test plot yields by the yields of the checks may lead to wrong estimation of genotype effects and finally to a wrong selection. This means that the arrangements and frequencies of check plots play a crucial role in selecting genotypes in such experiments.
Different random and systematic arrangements of check plots have been used (see for example Kempton 1984 , Sebolai et al. 2005 , Cullis et al. 1989 , Baker and McKenzie 1967 . Moreover, inference methods for unreplicated breeding trials are proposed, for example, by Cullis et al. 1989, Kempton and Fox 1997 . The latter additionally conducted a large simulation study to compare adjustments by the methods of spatial analysis, moving averages and check plots. The variability of units with their geometrical structure in the experiment is used by the proposed methods to adjust the average values of observed characteristics on genotypes. More exactly, the yields of the check plot variety are used as the yardstick against which to assess the yield of each test (genotype) plot.
The simplest experimental designs are based on a systematic arrangement of equally spaced checks. Often the check plots are used to construct an environmental index. The variability of units with their geometrical structure in the experiment is used by the proposed methods to adjust the average values of observed characteristics on genotypes. Usually, to construct the environmental index, we use, for example, the yield from the nearest check plots, the mean yield of the two nearest checks, one on either side of the test plot, the weighted mean of those two checks, where weights are inversely related to the distance from the genotype plots (in all directions), etc. Also, there are many other suggestions as to how to use check plots, boarding check plots, to estimate the spatial variability of environment. Recently the method called "moving average" has frequently been recommended for use (see for example Utz 1997 ).
All of the usually applied adjustment methods for unreplicated experiments are appropriate for some specific structure of soil (environment) fertility. Their disadvantage is the fact that, before and also after the experiment, we do not know what kind of soil (environmental) structure is present in the experiment.
Hence we cannot say which of the existing methods is appropriate to a given experimental situation. The method of inference given in this paper avoids this disadvantage. It is always appropriate for any structure of soil (environment).
This results from the fact that we estimate the environmental structure independently for each experiment. The problem which arises concerns only the quality of the response surface estimated in the experiment. To choose the proper response surface estimate, any selection criteria for linear or nonlinear models may be used.
Method
In this paper we propose a new approach to the design and analysis of unreplicated breeding experiments. The density and arrangement of check plots play the main role.
Let us assume that the experimental units have a row-column structure. We denote by (i,j) the coordinate of the check plot center. Let us note that the same genotype occurs on the check plots. The environment (soil variability) is the main source of the variability of observations. Then the yield on the check plot can be expressed as:
where F(i,j) is some response surface function, while e ij denotes an experimental error.
The response surface function F(i,j) characterizes the true, real environmental variability (for example variation in soil fertility). In fact the function F(i,j) describes the yield response of the check plot genotype over the experimental plots. In genotype selection we do not need to consider the genotype that occurs on the check plot.
This results from the fact that the same genotype occurs on the check plots.
In the selection problem we are not interested in making a ranking with respect to the check plot object, but with respect to the test genotypes. Hence we can treat the function F(i,j) as in fact describing the true, real environmental fertility and variability.
As usual we assume that random terms e ij are independently and identically normally distributed over all experimental units (not only over check plots) with expected value equal to 0 and common variance equal to  . These facts can be used to build a ranking (selection) of the genotypes. There are many ways to build the ranking of genotypes. Here we suggest the use of some test for grouping genotypes. We propose to apply a simultaneous test procedure, such as Tukey's test or the approximated
The hypotheses to be tested can be expressed as:
Two additional issues should be discussed. The first concerns check plot arrangements, and the second concerns check plot frequency (see for example
Mejza and Marczyńska 2011).
Traditional arrangements include schemes in which the check plots are arranged, for example, in every third row (Holtsmark and Larsen 1905) , in every fifth or sixth row in experimental units laid out in two ways (see example), and some others. Between these rows the analyzed genotypes are arranged. There are no clear arguments for such arrangements. Such supporting points of a design do not make it possible to control environmental heterogeneity over the experimental field. Therefore, we propose a systematic and even arrangement of check plots over the whole experimental area. Such arrangements allow one to estimate the environmental response function more exactly. The location scheme of the supporting points in experiments (check plots) has a direct impact on the method of estimation of the response surface function and on its goodness of fit. Also, the density of check plots plays an important role in the selection of an appropriate response function. Using systematic designs we have the following potential and useful arrangements.
The scheme depends on the frequency (density) of the check plots that the breeder intends to apply in the experiment. For example, if the breeder decides to use about 50% of units for check plots, he can use one of the schemes:
For a density of about 33% of check plots we can use one of the following potential schemes (from 3!= 6):
For a density of about 25% of check plots we can use one of the potential schemes from 4!= 24. Here we present only four such arrangements.:
For a frequency of about 20% of check plots we have 5! =120 potential arrangements of check plots. Here we present three of them. Table 1 . Codes printed in bold and italics denote the check plots (the same genotype). Other codes denote the genotypes (test lines).
The statistical analysis was performed in two stages. At the start we estimate the two-dimensional surface function for check plot yield (marked in bold and italics in Table 1 ) to characterize the variability of the soil (environment) in the experimental field. Using the methods of model selection, we decided to adopt the estimate of the response surface of the yield in the form:
F(x,y) = 4.574 + 0,160x -0.006x 2 + 0.0001x 3 + 0.227y -0.016y 2 + 0.0003y 3 + 0.0001xy. We reject the hypothesis concerning the adequacy of the model at a significance level of alpha = 0.05. The coefficient of determination is equal to 74%. The shape of the response surface characterizing the environmental response (soil fertility) of the experimental field on the basis of check plots is presented in Figure 1 . As a result of analysis of variance performed for check plot yield, we obtain LSD 0.05 = 3.82 for Tukey's test. The ranking of the lines is presented in Table 2 , ordered from the genotype with the smallest yield to the largest. This means that the genotype coded 4844 is the worst, while the genotype coded 5336 is the best. Using Tukey's test we observe that 62 lines (up to code 5334) are of small value. In the case where we skip the line coded 4844, the next 220 genotypes can be considered as being of small value. The best genotype, code 5336, is situated close to a check plot on the field. This means that the forecast can be expected to be very good.
In the sense of Tukey's test the last 44 genotypes (from code 5445 to the end) have almost identical yields. This means that for the next step of selection the last 44 genotypes can be recommended. Briggs and Shebeski, 1967; Zimmerman and Harville, 1991; Brownie and Gumpertz, 1997; Martin, 1986; Gołaszewski, 1999 Gołaszewski, , 2002 . In another approach, to recognize the spatial variability of the environment (soil), check plots are distributed over all experimental units. The problem is the density of the check plots and the way of using them in statistical analysis of the breeding experiments and in further inferences.
The literature contains many methods of using the information resulting from check plots. All of these methods have at least one weak point. They are developed for some specific proper structure of the environment, usually soil fertility. Their main disadvantage is the fact that before and also after the experiment we do not know what kind of the soil (environmental) structure is present in the experiment. Hence, we cannot say which of the existing methods is appropriate to a given experimental situation.
We have proposed here a method of using information from check plots that practically has no limitations on its use. In the proposed method we explore this information using a response surface methodology. Initially we try to identify the response surface characterizing the structure of an experimental environment. The obtained response surface is then used to adjust the observations for genotypes. Finally, the data so adjusted are used for statistical inference concerning selection for the next stages of the breeding program (ranking of genotypes).
